Introduction
Bacterial symbioses have revolutionized eukaryotic lifestyles repeatedly throughout the history of life and these symbiotic associations have allowed a wide diversity of taxa to colonize formerly inaccessible niches (Moya et al., 2008) . One striking example is chemosynthetic symbiosis, which enables invertebrate taxa to thrive in reducing environments from hydrothermal vents to coastal sediments. These bacterial symbionts produce nutrients for themselves and host species by oxidizing reduced chemicals, for example, sulfide, to fix carbon dioxide and generate ATP (Cavanaugh et al., 2013) . These intimate relationships necessitate reliable mechanisms for host colonization each generation in order for the association to be maintained over evolutionary time.
Traditionally, two primary modes of transmission are recognized: vertical, in which symbionts are inherited directly from parents, and horizontal, in which symbionts are acquired from contemporary hosts or from free-living populations. Despite such rigid categorization, some associations exhibit evidence consistent with both modes (Bright and Bulgheresi, 2010; Ebert, 2013) . However, this evidence is based on limited population and genetic sampling (for example, gene markers opposed to genomes (Itoh et al., 2014; Sipkema et al., 2015) , which limits the detection of horizontal events, and it is unknown how prevalent and influential mixed modes of transmission are among symbiotic taxa. Hence, characterizing the transmission mode and dynamics of symbiotic associations is essential to understanding how these intimate relationships are maintained over evolutionary time.
Transmission mode plays a central role in symbiont genome evolution through influencing symbiont population sizes and gene flow. Horizontally transmitted symbionts experience evolutionary pressures similar to those of free-living bacteria, that is, the need to persist and/or reproduce out in the environment. Thus these bacteria maintain diverse functional elements in their genomes (Gomes et al., 2014; Salem et al., 2015) . In contrast, stringent vertical transmission prevents symbiont exchange between hosts and the environment, reduces opportunities for horizontal gene transfer (HGT) to events that occur between microbes occupying the same host, and often imposes a genetic bottleneck at each host generation if only a small fraction of symbionts are transmitted (Moran and Bennett, 2014) . Based on trends in vertically transmitted bacterial symbionts of insects, long-term inheritance leaves its mark through accumulation of deleterious mutations and gradual gene loss, resulting in extreme genome size reduction (o1 Mb) and genomic stasis (McCutcheon and von Dohlen, 2011) . Even infrequent horizontal transmission events may be evident in the genomes of otherwise inherited associations (Brandvain et al., 2011) . Mixed modes therefore may generate intermediate patterns of genome evolution, which would mitigate the consequences of vertical transmission while retaining the benefits of ensured symbiont acquisition and subsequent co-evolution of host-symbiont genotypes. However, additional data are needed from diverse symbiotic groups to assess the prevalence of mixed transmission modes and their impacts on symbiont genome evolution.
The bivalve Solemya velum and its intracellular chemosynthetic gammaproteobacterial gill symbionts exhibit evidence for and against vertical transmission, and is therefore an ideal system to test for a mixed transmission mode and characterize its impact on genome evolution. Until recently, symbionts of the genus Solemya were thought to be vertically transmitted based on detection in adult ovaries and in developing embryos/juveniles (Cary, 1994; Krueger et al., 1996) . However, the S. velum symbiont genome is relatively large (2.7 Mb) and replete with genes typically lost from vertically transmitted bacteria (Dmytrenko et al., 2014) . In addition, although Solemyidae is an ancient clade whose ancestors are inferred to be symbiotic (Stewart and Cavanaugh, 2006; Oliver et al., 2011; Sharma et al., 2013) , Solemya symbionts are polyphyletic and closely related to free-living bacteria and other chemosynthetic symbionts (Supplementary Figure S1 and Cavanaugh et al., 2013) . Thus, it is possible that the Solemya symbionts have been replaced repeatedly over evolutionary time and are distantly related to the original partners when the symbiosis evolved. While the symbiont genome is similar in size to many freeliving sulfur oxidizers (for example, Thiomicrospira crunogena: 2.4 Mb, Thiovulum sp.: 2.1 Mb, Thiobacillus denitrificans: 2.9 Mb), the genome may be in the earliest stages of reduction, as some closely related taxa have much larger genome sizes (for example, Allochromatium vinosum: 3.6 Mb; Beller et al., 2006; Marshall et al., 2012; Dmytrenko et al., 2014) . Collectively, these lines of evidence suggest dynamic transmission strategies in solemyid bivalves, and justify a detailed analysis of the effects of transmission mode on symbiont genome evolution.
We tested for evidence of mixed transmission modes in the S. velum symbiosis by looking for patterns of host-symbiont codiversification and characterizing symbiont genome evolution via population genomics. Multiple localities were sampled to account for the role geography can play in shaping the demographic processes influencing gene flow among symbiont and host populations. Specimens were collected from five geographic localities along the east coast of North America (Figure 1a) . DNA from the symbiont-containing gills of 61 adult S. velum and three outgroup solemyid species was extracted and sequenced on the Illumina HiSeq platform to assemble consensus mitochondrial and symbiont genomes for each host specimen. Through population genetic and genealogical analyses (see Supplementary Figure S2 ), we present evidence that the S. velum symbiosis has experienced horizontal transmission events in its recent past and these events have enabled recombination and HGT, which has shaped the symbiont genome.
Materials and methods

Collections
Adult S. velum were collected from intertidalsubtidal sediments along the east coast of North America (see Figure 1a and Supplementary Table S1) in the spring and summer of 2012, using a shovel and sieve. Immediately after collection, specimens were rinsed with 0.2 mm filtered seawater, sterilely dissected, placed in 100% ethanol, flash frozen and stored at − 80°C. Gill and testis (for two RI specimens to test for the presence of double-uniparental mitochondrial inheritance) DNA was extracted with the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany).
Outgroup species specimens were obtained from various sources as follows: Solemya pervernicosa from the Santa Monica sewage outfall in 1992, and Figure S3A ). NEXTflex adapters (Bioo Scientific, Austin, TX, USA) were used in all protocols. Libraries were quantified for size by a bioanalyzer (Agilent Bioanalyzer 2100; Agilent Technologies, Santa Clara, CA, USA) and qPCR with the PerfeCta library quantification kit (Quanta Biosciences, Beverly, MA, USA). PCR was not performed on libraries unless they were low concentration (8/64), and in those cases, underwent no more than six cycles. Libraries with unique adapter barcodes were pooled and paired-end sequenced on the Illumina HiSeq2000 or HiSeq2500 platform (Bauer Core Facility, Harvard University), using heat denaturation. Sequence data from demultiplexed libraries were evaluated with FastQC (http://www. bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed/filtered with Trimmomatic v0.32 (Bolger et al., 2014; Supplementary Table S1 ).
Genome assembly
Reference-based genome assembly of S. velum symbionts and mitochondria. The mitochondrial and symbiont genomes were saved to a single file and the reads from each specimen were mapped to the two genomes (Plazzi et al., 2013 and Dmytrenko et al., 2014) with Stampy 1.0.18 (Lunter and Goodson, 2011) to prevent suboptimal mapping to paralogues in one or the other genome. Only the four largest symbiont scaffolds were used in these analyses, as they contain 98.9% of the sequence and 99.4% of the genes. Alignments were processed from Sam to Bam format and indexed with Samtools 1.0 (Li et al., 2009) , duplicates were removed with Picardtools (http://broadinstitute.github.io/picard/) and coverage was calculated with Bedtools 2.18.1 (Quinlan and Hall, 2010) . Indel realignment was performed with the Realigner module and variant calling was performed with the UnifiedGenotyper module of the Genome Analysis Toolkit (GATK, version 3.2-2; see Supplementary Methods for parameters; DePristo et al., 2011) . Variant calling was done on haploid mode to call the consensus symbiont sequence for each host individual, as the more deeply sequenced specimens exhibited no evidence of containing more than one type of symbiont genome (Supplementary Figure S3B) . Variant calls were hard-filtered to remove lowconfidence variants according to the GATK Best Practices protocol (Van der Auwera et al., 2002) . To avoid erroneous calls, single-nucleotide polymorphisms within five base pairs of an indel were removed. Mitochondrial and symbiont genome sequences were generated for each specimen/tissue by applying the filtered variants calls to the reference sequences with a custom script. Gene sequences were extracted for each specimen/tissue using the reference genome annotation coordinates.
De novo assembly of outgroup solemyid symbiont species and S. velum symbionts. Read alignments to the reference symbiont genome were used as a starting point for de novo genome assembly in order to estimate the copy number, and thus coverage, of the symbiont genome in each sample (see Supplementary Figures S4A-D) . This allowed reads originating from the nuclear genome, sequencing error, or potential environmental contamination to be removed from the data set assembled. Utilizing relative coverage differences to identify symbiont reads is a reasonable strategy for these specimens because (1) symbiont genome coverage exceeds nuclear genome coverage in S. velum 50:1 and microscopy data suggest that symbionts display similar intracellular densities and distributions among solemyid species (Stewart and Cavanaugh, 2006; Taylor et al., 2008; Fujiwara et al., 2009) , and (2) the S. velum symbiosis consists of a single 16S rRNA type across the host's geographic range, making each host more of a symbiont population pool than a metagenome.
Estimates for symbiont genome coverage were obtained by mapping reads from each species to the S. velum symbiont genome with the permissive polymorphism aligner, LAST (Kielbasa et al., 2011) , calculating the kmer coverage distribution for symbiont and mitochondrial-mapped reads and unmapped pairs of mapped reads with Jellyfish 1.1.11 (Marcais and Kingsford, 2011; Supplementary Figures S4A-D) .
Higher kmer values produced sharper distributions (odd kmer values from 11 to 25 were tested), but increased RAM requirements exponentially, limiting the usable kmer size to 19. The lower bounds of the 19-mer distributions were used as cutoffs to filter the unmapped solemyid reads with Quake (Kelley et al., 2010) , removing low coverage reads attributable to the host nuclear genome or sequencing errors.
Mapped read pairs and unmapped kmer-filtered reads were assembled with IDBA 1.1.1 (Peng et al., 2012 ). Other assemblers were tested (MaSuRCA (Zimin et al., 2013) and Ray Meta (Boisvert et al., 2012) . The three assemblies for each specimen were characterized with Quast (Gurevich et al., 2013) and compared by alignment with MUMmer (Kurtz et al., 2004) . All assemblers produced highly contiguous and very similar assemblies (Supplementary Table S2 ). However, IDBA produced assemblies with fewer gaps and longer scaffolds in lower coverage specimens, so these assemblies were used for subsequent analyses. All reads were then mapped to the de novo assemblies with Stampy as described above for the S. velum referencebased assembly to calculate scaffold coverage. Mitochondrial chromosomes and candidate symbiont scaffolds were identified and isolated by coverage (average ± 1 s.e.), length (41000 bp) and GC content (50 GC ± 10%). Mitochondrial chromosomes were annotated with MITOS (Bernt et al., 2013) . Candidate symbiont scaffolds were annotated for coding sequences with Prodigal (Hyatt et al., 2012) and blastp (Camacho et al., 2009 ) against the NCBI non-redundant (nr), TrEMBL (Bairoch and Apweiler, 2000) and UniRef90 databases (Suzek et al., 2007 ; cutoff values: minimum coverage 50%, minimum 30% identity, e-value 1e-6) to annotate as many CDs as possible. Predicted CDSs with hits failing these criteria were annotated as hypothetical proteins. tRNAs were annotated with tRNAscan (Lowe and Eddy, 1997) and rRNAs with RNAmmer (Lagesen et al., 2007) . Annotation, coverage and GC content were utilized to remove host nuclear scaffolds. We tested for evidence of chimeric sequence joining by comparing the coverage distribution of sequence segments aligned to the reference genome compared with novel segments, and found no differences (Supplementary Figure S4E) . Draft assembly completeness was evaluated with Quast (Gurevich et al., 2013) , by comparing genome size to expected values for other sulfur-oxidizing symbionts, checking for the presence of 31 core bacterial phylogenetic markers (Wu and Eisen, 2008) , and evaluating the assemblies compared with the core Proteobacterial gene set with CheckM taxonomy_wf (Parks et al., 2014; Supplementary Table S3) .
Genomic analyses
16S rRNA phylogenetic analysis. 16S ribosomal RNA sequences from outgroup solemyid and S. velum reference assemblies were blasted against the NCBI non-redundant nucleotide database to obtain closely related 16S rRNA sequences from gammaproteobacterial sulfur-oxidizing symbionts, free-living bacteria and isolated environmental clones. Deltaproteobacterial and Epsilonproteobacterial 16S rRNA sequences served as outgroup taxa (Supplementary Table S4 ). Sequences were aligned with MUSCLE (Edgar, 2004) and manually inspected and trimmed in Geneious (Geneious 8.1 (http:// www.geneious.com; Kearse et al., 2012) . The 16S rRNA phylogeny was inferred by maximum likelihood with RAxML (version 8.1.5) using the GTRGAMMA model of nucleotide evolution and 1000 bootstrap replicates (Stamatakis, 2014) .
Whole-genome genealogical inference. Mitochondrial and symbiont whole-genome alignments were performed with progressiveMauve, allowing for rearrangements (version 2015-2-13; default parameters; Darling et al., 2010) . Regions of the outgroup symbiont sequences that failed to align to the S. velum symbiont genomes were removed, and the remaining alignment blocks were concatenated and converted to Phylip format. This approach is similar to a supermatrix method, which concatenates gene alignments, but has the added benefit of retaining non-protein-coding regions of the genome. Wholegenome genealogies were inferred by maximum likelihood with RAxML (version 8.1.5) using the GTRGAMMA model of nucleotide evolution and 1000 bootstrap replicates (Stamatakis, 2014) and by Bayesian inference with MrBayes (version 3.2.5; Ronquist et al., 2012) , using three independent runs, each with one million Markov chain Monte Carlo iterations using the mixed GTR+gamma substitution model, sub-sampling every 1000 generations, and discarding the first 25% of samples as burn-in. Trees were viewed and converted to cladograms in FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Identical mitochondrial sequences were collapsed and nodes with o50% bootstrap support were represented as polytomies. Symbiont and mitochondrial genealogy topologies were compared visually and by topological distance using the R package APE (Paradis et al., 2004; R Core Development Team, 2012) .
Symbiont gene and sliding window genealogies were inferred by maximum likelihood. Genes were selected by identifying orthologous open reading frames among the S. velum symbionts and the three outgroup symbionts by reciprocal best blast hits (see Supplementary Methods). Genes with less than 10% alignment coverage and identity to all other symbionts, e-values less than 1000 × better than the next best alignment and non-identical reciprocal best hits among genomes were excluded. S. velum symbiont gene sequences were aligned to outgroup sequences for each gene with MUSCLE (version 3.8.31; default parameters; Edgar, 2004) . Sequences from 100 kb sliding windows of the S. velum symbiont genome were aligned to outgroup genomes with progressiveMauve and unaligned regions of the outgroup genomes were removed with a custom script. Gene and window genealogies were inferred with RAxML (Stamatakis, 2014) as described above. Genealogies were rooted and nodes with less than 50% bootstrap support were collapsed with the APE package in R (Paradis et al., 2004; R Core Development Team, 2012) . Genealogies of sliding windows were plotted together and the summary tree calculated with DensiTree (Bouckaert, 2010) .
Polymorphism analyses. Genetic diversity was measured for the entire population, each subpopulation, and pairwise at all sites, synonymous sites, and nonsynonymous sites by calculating pairwise nucleotide diversity (π) (Nei and Li, 1979) by site and averaging across all sites:
ð Þ L where n is the total number of individuals sampled, x i is the number of individuals with allele i, a is the total number of sampled alleles at site j of l total sites, and L is the total sequence length. Substitution effects were determined with snpEff (Cingolani et al., 2012) . Calculations were performed on the snpEff annotated, GATK variant file for mitochondria and symbionts, removing sites not present in at least half of the specimens from the given population.
Linkage disequilibrium analyses. Linkage disequilibrium (LD) within the symbiont and mitochondrial genomes and interspecific disequilibrium between mitochondrial and symbiont genomes was measured by calculating the correlation coefficient (r 2 ; Hill and Robertson, 1968; Awadalla et al., 1999) between all pairwise combinations of biallelic segregating sites with allele frequencies above 0.1 (to exclude recent mutations lacking the opportunity to recombine). Greater than half of all specimens or all specimens from a subpopulation were required to have a call at a given site for that site to be included in the analysis. For every pair of biallelic variant sites across the genome, linkage disequilibrium (D) and the correlation coefficient (r) between alleles was calculated as follows:
where p A1 and p B1 are the frequencies of the reference alleles of the A and B loci, respectively, and x 11 is the frequency of the AB reference genotype. LD r 2 values were binned by distance between sites and averaged, with the maximum distance between sites being half of the total genome size for circular genomes, and plotted in R (R Core Development Team, 2012 (m+1), where b was the number of permutations in which r was less than or equal to the observed value and m was the number of permutations (Phipson and Smyth, 2010) . Owing to low diversity within geographic localities, the relationship between LD and distance was unable to be ascertained within subpopulations with these data.
Chi-square P-values for interspecific disequilibrium values were calculated by multiplying the correlation coefficient, r 2 , by the number of samples (Hill and Robertson, 1968) , using the Statistics:: Distributions (http://search.cpan.org/~mikek/Statis tics-Distributions-1.02/Distributions.pm, accessed 5 May 2015) perl module, with one degree of freedom and a 5% significance cutoff.
Transposable element analyses. Mobile elements were detected and annotated in the symbiont reference genome by type. Insertion sequences were detected with ISsaga (www-is.biotoul.fr; Siguier et al., 2006) . Integrated prophages were detected with PHAST (phast.wishartlab.com; Zhou et al., 2011) . Plasmids, prophages, and viruses as well as integrative conjugative elements were detected by blastn searches against the ACLAME (Leplae et al., 2009) and ICEberg (Bi et al., 2011) databases, respectively (cutoff values: minimum alignment length of 250 nucleotides, 90% identity, e-value 0.0001).
Symbiont genomes were scanned for large-scale deletions by analyzing coverage files produced by Bedtools (see Reference-based genome assembly) for contiguous regions with zero coverage greater than 150 bp long. Deletions were annotated for functional genes (Dmytrenko et al., 2014) and mobile elements. For visualization, read coverage was averaged over 1000 bp windows and plotted with Circos (Krzywinski et al., 2009) .
The S. velum symbiont transcriptome (Stewart et al., 2011) was analyzed for active, and thus likely functional, mobile elements. Transcripts were blasted against the annotated mobile elements with blastn (cutoff values: minimum coverage 50%, minimum 90% identity, e-value 1e-6).
Synteny analysis. Gene order in the de novo assembled symbiont genomes was compared with the symbiont reference by alignment of whole genomes and individual coding sequences. For whole-genome alignment, scaffolds in the draft assemblies were reordered to the S. velum symbiont reference sequence in Mauve (Rissman et al., 2009). The de novo assemblies were then aligned to the reference and outgroup genomes in progressiveMauve, allowing for rearrangements (Darling et al., 2010) . Synteny along the genome was examined by mapping local collinear blocks with Circos (Krzywinski et al., 2009) . The relative order of homologous genes was also examined. Homologs were identified by reciprocal best blast hits (see Whole-genome genealogical inference) and their relative positions calculated with a custom script. Relative gene order was visualized with Circos (Krzywinski et al., 2009 ) by plotting links between homologous genes on the reference and de novo scaffolds.
HGT analysis. All genes in the S. velum symbiont reference genome and de novo assembled genes that lacked homologs in the reference genome were blasted against the NCBI whole-genome shotgun database (best_hit_overhang 0.1, best_hit_score_edge 0.1, e-value 1e-6). Blast results were filtered to remove hits with less than 60% coverage and less than 60% identity. Genes on scaffolds containing fewer than five ORFs with homology to the S. velum symbiont reference were removed to eliminate the possibility that the scaffold was assembled from contaminating sequence at the same coverage and not filtered out during assembly. Sequences were identified as potential HGT events if they had greater than 98% identity to the bacterial species hit at the locus, but less than 90% identity at the 16S rRNA gene. As a more stringent filter against contamination, de novo assembled symbiont scaffolds that contained five or more of the core genes (present in all of the symbiont genomes mapped to the reference) were identified.
A subset of the putatively horizontally transferred genes was selected for phylogenic analysis. Sets of homologous genes were identified by blast hit identity and manual inspection of alignments generated with MUSCLE (Edgar, 2004) . Sets with sequences in multiple samples at least several hundred bp in length with functional annotations (opposed to 'hypothetical') were selected for phylogenetic inference. Sequences from other bacteria with high identity to the symbiont sequences were downloaded from NCBI and aligned to the symbiont sequences. Phylogenies were inferred from alignments with RAxML (Stamatakis, 2014) , run as detailed above.
All perl scripts used in these analyses are available at https://github.com/shelbirussell/ Russell-et-al-2016 .
Results
Mitochondrial and symbiont populations were highly subdivided between geographic localities and exhibited consistent patterns of subdivision (Figure 1 ). All sequences in both of these populations shared high identity with S. velum reference sequences (99-99.9%), precluding the possibility of cryptic species. Mitochondria and symbiont populations exhibited low pairwise nucleotide diversity across the sampled localities and across both mitochondrial (average π = 2.3 × 10 − 3 ) and symbiont (average π = 1.7 × 10 − 3 ) genomes, suggesting that these subpopulations diverged relatively recently. Southern localities generally exhibited higher diversity than northern localities, and New Jersey (NJ) was the least diverse (Table 1) . Monophyly within each geographic locality indicates that each of these locations harbors its own subpopulation of S. velum and symbionts, and suggests restricted gene flow with other sampled subpopulations.
Despite strong and concordant geographic subdivision, mitochondrial and symbiont evolutionary histories were decoupled within localities (Figure 1b) , supporting horizontal transmission. At 2.7 Mb, the symbiont genome is significantly larger than the mitochondrial genome (16 Kb), thus it contained more segregating sites, permitting higher resolution of the symbiont genealogy compared with the mitochondrial genealogy. Enough nodes could be resolved to reject the hypothesis of strict maternal transmission, although the exact rate of alternate routes of transmission could not be estimated. Comparing well-supported nodes, we found that of the 54 total internal nodes in the symbiont tree, a minimum of 35 nodes conflict with the mitochondrial tree. Furthermore, within a locality, no part of the symbiont genome is in strong LD with any part of the mitochondrial genome (Supplementary Table S5 and Supplementary Figures S5A and B) . The only possible cases of concordance are among subsets of specimens containing identical mitochondrial haplotypes, and are likely artifacts of the unresolved mitochondrial topology (Supplementary Figure S5C) . This extent of discordance is possible only if symbiont and/or mitochondrial genomes are sometimes acquired independently. Discordance due to paternal transmission of mitochondria (double-uniparental inheritance) is unlikely because the testis were found to contain the same mitochondrial genotype in the two individuals tested (Supplementary Figure S6A) . Collectively, these data indicate that the S. velum symbionts are not strictly transmitted with the mitochondria through the eggs.
In further support of an alternative transmission route, we found extensive evidence for recombination within the symbiont genomes. Divergent genotypes must come into contact either as mixed infections within hosts or out in the environment for recombination to occur. In a recombining population, LD (the correlation between pairs of alleles) is inversely related to the distance between sites (Figure 2a) . In contrast, there will be no association between LD and distance in clonal genomes (Halkett et al., 2005) . In the symbiont genome, we found that LD is significantly negatively correlated with genomic distance (Figure 2b Figure S7) . Taken together, pervasive recombination combined with low pairwise nucleotide diversity suggest that recombination occurs relatively frequently in the symbiont genome compared with other intracellular bacteria (Vos and Didelot, 2008) .
Mobile elements appear to drive abundant structural genomic variation within geographic subpopulations of S. velum symbionts, suggesting that symbionts have recently been in contact with the environment. Models of intracellular bacterial genome evolution indicate that mobile elements are strongly correlated with transmission mode and age of the symbiosis (McCutcheon and Moran, 2011; Newton and Bordenstein, 2011) . Finding 2.6% of the symbiont genome to consist of mobile elements (Dmytrenko et al., 2014) suggests that either the symbionts encounter the environment or they did in the recent past, as this is a relatively large amount compared with other intracellular bacteria (see Newton and Bordenstein 2011) . Consistent with ongoing TE movement, reads mapped to the symbiont reference genome (Figure 3a) and de novo genome assemblies (Figure 3b ) revealed large insertions and deletions among specimens and conserved synteny within shared genomic intervals. Many indels corresponded to annotated transposable elements surrounding protein-coding genes (Supplementary Table S6 ). In data from a metatranscriptomic study of S. velum symbionts Genome-wide statistics for all 61 specimens are given (All), as well as statistics by the subpopulation locality (state abbreviations as in Figure 1 ). 15 660 and 2 667 804 sites were confidently called in the mitochondrial and symbiont genomes, respectively. Many open reading frames in the symbiont genome overlap (1284 of 2699), making many positions synonymous in one gene and nonsynonymous in the other. These sites were excluded from calculations of S and π by type. (Stewart et al., 2011) , 25 of these elements were transcribed, indicating that they are functional (Supplementary Tables S6 and S7 ). Once inserted, mobile elements quickly become nonfunctional (Cerveau et al., 2011) , suggesting many of these were recently acquired. However, on short evolutionary timescales, functionality is retained (for example, Kleiner et al., 2013) . Furthermore, the lack of rearrangements among copies of these elements suggests that little time has passed since they entered the subpopulations. However, we cannot exclude the possibility of rearrangements between distant parts of the genome with these data, as the longest scaffold assembled was 450 kb long or 17% of the genome. Either losses of elements in the genome upon host restriction or ongoing flux from environmental sources (for example, other bacteria, exogenous DNA, or viruses) could explain mobile element activity in the S. velum symbiont populations. In both cases, the abundance and functionality of the elements suggests that contact with the environment was relatively recent on an evolutionary scale.
The de novo and reference symbiont genomes exhibit evidence of HGT, providing direct evidence of recent contact with the environment. Blasting large indel regions polymorphic among the genomes to NCBI's database of whole bacterial genome sequences revealed that many of these regions exhibit 499% identity to protein-coding genes from distantly related free-living gammaproteobacteria (78-88% identical at the 16S rRNA; Supplementary  Table S8 ). These regions matched mobile element segments of genomes from 14 different bacterial taxa, with Vibrio cholerae being the most common (77 regions), followed by Idiomarina sp. (56 regions) and Aliiglaciecola lipolytica (39 regions). More than half of the regions matched uncharacterized or hypothetical proteins. The remaining regions exhibited high sequence identity to genes involved in functions ranging from DNA binding to signal transduction. The majority of the scaffolds bearing these regions contained five or more genes in the 'core' symbiont genome (see Supplementary Table  S8) ; however, the shorter scaffolds contained too few genes to meet this criterion, but were included to not discard these data. Within each locality, specimen sequences matched many of the same insertion products and taxa, and these regions exhibited conserved order and common ancestry, suggesting that they arose by a limited set of transfer events in the ancestors of the specimens (Figures 3c-e, Supplementary Figure S8 and Supplementary  Table S8 ). Compared with RI, NJ and MD localities, specimens collected from NC and MA had far more variable sets of putatively transferred genes. Although the absence of elements from de novo sequenced genomes cannot be confirmed with these data because Illumina sequencing alone could not close the genomes, the pattern of detected indels demonstrates that there is an active flux of horizontally transmitted elements in the symbiont genome.
Discussion
Collectively, these population genomic data suggest that horizontal transmission occurs or has occurred recently in S. velum symbiont populations and has dramatically impacted genome evolution. Mitochondria and symbionts have not co-diversified and symbiont genomes exhibit evidence of frequent recombination, consistent with observations for horizontally transmitted bacterial symbionts (for example, Mouton et al., 2012; Ros et al., 2012) . While these data could potentially be explained by paternal transmission or mitochondrial doubleuniparental inheritance, finding structural genomic variation associated with evidence of HGT and active mobile elements suggests that symbionts experience some amount of horizontal transmission or have in the recent past. While it is not known precisely how common horizontal transmission is among S. velum individuals, these data indicate that effective rates are higher than symbiont mutation or host migration rates. Taken together, these results reveal the striking interplay between symbiont transmission mode and genome evolution.
We propose a mixed transmission mode for the S. velum symbionts, in which they undergo regular vertical transmission via spawned oocytes, but also experience horizontal transmission events. Mixed transmission modes would provide a functional compromise: Vertical transmission enables the evolution of coadapted host-symbiont genotypes, homogenizes intra-host-symbiont populations and ensures host offspring are colonized each generation. Horizontal transmission ameliorates deleterious mutations and genome stasis by facilitating recombination and HGT. Using both modes would allow a flexible transmission strategy, enabling populations to respond to long and short-term evolutionary pressures (Kaltz and Koella, 2003; Byler et al., 2013) . Given that symbionts are highly divergent among Solemya species (Supplementary Figure S1) and evidence supporting vertical transmission has been reported for both S. velum and S. pervernicosa (Cary, 1994; Krueger et al., 1996) , it is likely that transmission modes in these taxa are evolutionarily flexible on longer timescales as well. This finding is relevant to symbioses broadly, as rare horizontal events have been detected in a number of vertically transmitted associations (for example, Stewart et al., 2008; Sipkema et al., 2015) , and may represent ongoing processes.
Our finding that symbionts and hosts exhibit concordant subdivision between geographic subpopulations is surprising in light of the genealogical discordance seen within subpopulations. Symbiont geographic subdivision mirrors that of mitochondria for three possible reasons, although other explanations may exist. First, symbionts and hosts may have identical dispersal patterns. However, this seems unlikely because S. velum has large dense eggs and no free-swimming stage (Gustafson and Lutz, 1992) , while the bacteria should experience fewer dispersal barriers outside of their host. Second, symbiont and host populations may be genetically subdivided because they are locally adapted. Although local adaptation may play an important role, we would expect to observe the effects of local adaptation in a subset of genealogies, not genome-wide as seen in our data. Third, symbiont reproduction is tied to the host. We favor this explanation because in an environmental qPCR survey that included controls for symbiont detection threshold, symbionts were detected at only 3.65 ± 9.38 × 10 3 copies per g sediment and 0.14 ± 0.24 × 10 − 1 copies per ml seawater. These amounts are five orders of magnitude lower than total eubacterial 16S counts, which were 3.57 ± 3.91 × 10 8 copies per g sediment and 8.54 ± 0.12 × 10 4 copies per ml seawater. Furthermore, S. velum mitochondrial sequences were also detected in the majority of sediment samples, and at 4.17 ± 7.80 × 10 3 copies per g of sediment, were present at a similar abundance, indicating that at least some of the symbionts arose from host tissues (Russell, 2016) . Taken together, this suggests that symbiont reproduction occurs primarily within hosts and that horizontal transmission occurs between contemporary hosts within a geographic subpopulation.
The strong geographic subdivision among hosts and symbionts may be due to factors occurring on different timescales, and can obscure evidence of horizontal transmission. In geological time, southern populations (for example, NC) may have persisted as refugia during periods of glaciation and upon glacier retreat, reseeded the populations in the north (Hewitt, 1996) . This works in conjunction with broadcast spawning, which can be described as 'sweepstakes-style recruitment' (Eldon and Wakeley, 2009) , to produce subpopulations composed of related individuals. These possible scenarios raise crucial considerations for existing practices for characterizing symbiont transmission modes. Specifically, tests of co-speciation may falsely support strict vertical transmission when only a few individuals are sampled from diverse geographic subpopulations. We therefore emphasize the need for ample sampling of hosts and symbionts when determining transmission modes using genetic data.
An important determinant of transmission mode may be the medium in which the symbiosis exists, for example, water versus air. For example, vertical transmission is seldom reported in the marine environment, whereas it is exceedingly common in terrestrial habitats (Normark and Ross, 2014) . Consistent with our findings for the S. velum symbiosis, most of the marine vertically transmitted associations that have been reported bear evidence of horizontal transmission events at some point in the past (for example, Schmitt et al., 2008; Stewart et al., 2008; Byler et al., 2013; Decker et al., 2013; Sipkema et al., 2015) . Taken together, these observations suggest that horizontal transmission may be an inherent aspect of symbiont transmission in the majority of marine associations. Elucidation of the factors that influence transmission modes is vital to understanding the evolutionary pressures that determine how symbiotic associations are maintained and perpetuated over millions of years. Whether the persistence of horizontal transmission is a constraint of the environmental medium or other parameters, such as the taxa involved, reproductive strategy, or symbiosis function, remains to be tested. Now that population-level whole-genome sequencing is achievable, hypotheses of strict vertical or horizontal transmission and mixed transmission modes can be tested broadly across eukaryotemicrobe associations to assess the prevalence of these strategies and their influence on genome evolution. Provided specimens are obtained from host populations with limited barriers to gene flow, these analyses can resolve co-evolutionary processes obscured by demographic factors affecting both host and symbiont populations. In addition, the relatively high frequency of recombination observed in the S. velum bacterial symbionts indicates that sexual population genetic theory, which assumes regularly occurring recombination, may be applicable in symbiont populations, for example, for detection of selective sweeps. Given the utility of population genomics to resolve fine-scale evolutionary events, investigations of the fidelity and dynamics of symbiont transmission in diverse symbiotic associations, ranging from deep-sea chemosynthetic symbioses to the human microbiome, will provide a better understanding of the forces driving symbionthost co-evolution.
